The spike potential is a sharply timed positivity which precedes eye movements in adults, and is thought to indicate cortical planning of saccades. While the spike potential is observed under most conditions in adults, it has not been reported in young infants. In the present study we shed light on the ontogeny of the spike potential by demonstrating for the ®rst time its existence in a group of older infants (12 months). This result is consistent with a relatively delayed onset of cortical control over saccades during development. NeuroReport
INTRODUCTION
The control of eye movements has been used as a model system for studying the onset of cortical control over action in human infants. Most theories have shared the assumption that there is a shift from predominantly subcortical control over saccades in newborns, to cortical control within the ®rst 2±4 months [1±6] . Recently, such considerations have led several laboratories to attempt to investigate saccade-related potentials in infants aged 4±6 months [ 7± 9] . Contrary to prevailing theoretical views, these studies have failed to ®nd clear evidence of the pre-saccadic spike potential (SP) which is observed under most saccade situations in adults. One explanation of this failure to ®nd evidence of the SP in infants is that the types of tasks and stimuli used to elicit saccades in pre-verbal infants are generally quite different from those used to generate saccades in adults. In the present study we report results from a group of 12-month-old infants, and compare with data previously reported from 6-month-olds and adults. At all ages we used the same saccade paradigm and obtained similar behavioral (reaction time) results.
Event-related potential (ERP) correlates of saccade planning in adults have been studied by a number of laboratories [10±12] . Most of these studies report obtaining a sharp spike potential (SP) that precedes the saccade onset by 8±20 ms. There has been some debate about whether the SP arises from saccade planning circuits of the parietal cortex [10, 11] , or from ocular muscle or nerve activity preceding eye movements [12, 13] . Evidence from a recent ERP experiment with adults clearly indicates that the SP has a scalp surface distribution very similar to that of the preceding more gradual pre-saccadic positivity, indicating that they may originate from the same (parietal) sources [14] . The fact that 6-month-old and younger infants do not produce an SP before performing saccades [7, 15] is also evidence against an ocular muscle origin for the SP. Thus, while the exact functions of an SP are unknown, it seems likely that they are related in some way to saccade planning by cortical circuits.
The gap effect has been extensively studied in adults, and refers to the fact that reaction times to make a saccade to a peripheral target are signi®cantly faster when a central ®xation point goes off shortly before (around 200 ms) target presentation (gap trials), than when the central ®xation stimulus stays on (overlap trials). One of the ERP effects observed in adults is that the SP had higher amplitude in overlap than in gap trials [14] . When 6-month-old infants were examined in the same paradigm [7] and using the same ERP methods, they did not show clear evidence of the pre-saccadic components observed in adults in either type of trial. Our failure to observe pre-saccadic components in infants of 6 months suggests subcortical control over target-directed saccades at this age, and is consistent with ®ndings from other investigators [9, 15] . In the present study we investigated an age group in which the presence or otherwise of the SP has not previously been investigated (12 months), and using nearly identical procedures to those used for the 6-month-old and adult groups. The presence of a spike potential at this age would indicate that cortical dorsal pathway control over saccades emerges during the latter half of the ®rst year.
MATERIALS AND METHODS

Participants:
The participants were 10 infants (6 boys and 4 girls) aged 368±386 days (mean 378.2 days, s.d. 6.3 days). All the infants were full-term with no known birth or other complications. The data from an additional 16 infants were excluded from the analysis because of excessive EEG motion artifacts caused by arm and hand movements (n 12), or completing too few trials (n 4). This rate of exclusion is not unusual in ERP studies with infants [7, 16] .
Apparatus:
The infants sat on their parent's lap at 60 cm distance from a 40 3 29 cm (36.9 3 27.28) computer monitor within a dimly lit sound booth. A video camera was mounted on the wall behind the monitor, and was centered on the infant's face allowing the experimenter to examine their gaze and to record their behaviour. A loudspeaker was placed below the monitor for the presentation of the acoustic stimuli. The brain electric activity was measured by a Geodesic Sensor Net [17] comprising 62 electrodes evenly distributed across the scalp. The electrodes were connected to an EGI NetAmps ampli®er through a head box located on an arm above the infant's head.
Stimuli: The infant's attention was drawn to the monitor by various moving images: gradually shrinking pictures of animals, spiralling cartoon ®gures or rotating geometrical shapes. These shapes appeared on grey background. Every animated sequence lasted for about 1 s and ended in a frozen image not larger than 2 3 2 cm (1.98). The experimenter viewed the infant through the video camera and kept a key pressed while she judged that they were ®xating the monitor. If the infant ®xated at the monitor at the start of the frozen phase of the animation, the target stimulus was presented either on the left or on the right side of the monitor screen. The target stimulus was a 5 3 5 cm (4.78) black-and-white checkerboard composed of 0.31 cm side squares. The inner edge of the checkerboard was 7 cm (6.78) from the centre of the screen. The target was present for 800 ms. In half of the trials (gap trials) the central stimulus disappeared 200 ms prior to the target onset leaving a 200 ms interval without visual stimuli, while in the other half of the trials (overlap trials) it remained on the screen as long as the target was present. The target side (left vs right) and the trial type (overlap vs gap) stimulus variables were orthogonal to each other resulting in four stimulus categories: left±overlap, right±overlap, left±gap, and right±gap. The trials were presented for each participant in the same pre-speci®ed pseudo-random order in which neither the same target side (left or right) nor the same trial type (gap or overlap) was repeated more than three times in a row.
Procedure: After the baby became familiar with the laboratory environment, the electrode net was mounted on the infant's head and ®xed by elastic chinstraps. Then the infant was seated in front of the stimulus monitor and his/ her attention was drawn to the screen by computer-generated sounds such as an animal voice, a bell or a beep. If the infant started to cry, became unattentive or repeatedly failed to look at the target the experiment was interrupted and the child was soothed. The experiment was terminated when it had to be interrupted a second time for any of the above reasons. Our participants typically completed 50± 150 trials before the session was terminated.
EEG recording: The brain electric activity was measured simultaneously at 62 scalp locations that included electrodes at the outer canthi of the two eyes. The reference electrode was at the vertex (Cz in the conventional 10/20 system). The electrical potential was ampli®ed with 0.1± 200 Hz bandpass, digitized at 500 Hz sampling rate and stored continuously on computer disk for off-line analysis.
Data analysis: The behaviour of the infants during the experiment was coded on the basis of the video recording. Only those trials in which the infants were ®xating at the centre of the screen at target onset, and then performed a saccade towards the target without looking anywhere else or blinking, were included in subsequent analysis. The latency of the target-directed eye movements was measured by the horizontal electrooculogram which was reconstructed by subtracting the electrical signal from the electrode at the outer canthus of the right eye from the corresponding signal of the left side. Saccades were identi®ed manually as a monotonic slope in either direction lasting > 20 ms and with a slope of . 1 ìV/ms. The ®rst sampling points of these slopes were taken as the onset of the saccade and the latency of this time point from the target onset was taken as the saccadic RT. Trials with saccades before the target onset or with a latency , 120 ms after target onset were excluded as anticipatory responses. Trials in which a saccade was not performed within 1200 ms after target onset were also rejected.
Averaged within-subject saccade-locked ERPs were computed separately in each stimulus category. Trials with EEG range exceeding 200 ìV at any electrode were automatically rejected as artifacts. Further artifacts and recording failures were identi®ed by trial-by-trial inspection of the EEG. The infants were required to contribute at least 40 artifact-free trials and at least 8 trials within all the four conditions, otherwise they were excluded from further analyses. For the participants who were included in the analysis the average number of trials/condition was 13.1.
Averaged ERP amplitudes were baseline-corrected by subtracting the averaged activity of the 100 ms interval starting 300 ms before the target onset (100 ms before the ®xation stimulus offset in gap trials) from the entire recording. ERPs were re-referenced to the average potential over the scalp [18] . In this way we also reconstructed the average-referenced ERPs at Cz (the original reference point). Scalp surface electrical maps were created by spherical interpolation [19] and plotted in polar or linear projection.
RESULTS
Behavioural results: The error rates and saccadic reaction times are summarized in Table 1 . Two types of characteristic response errors were identi®ed on the basis of the video recording: (1) absence of response when the infants did not move their eyes within 1200 ms after target onset, and (2) anticipatory response when the eye movement occurred before target presentation or within 120 ms after target onset. A two-way (trial type 3 target side) ANOVA revealed that the infants failed to respond to the target stimulus in a much higher proportion of the overlap trials than gap trials (F(1,9) 27.72, p , 0.001). A similar ANO-VA did not yield any signi®cant effect on the rate of anticipatory saccades. The saccadic reaction times displayed the usual gap effect: longer latency of responses in overlap than in gap trials. This was con®rmed by a twoway ANOVA, in which the effect of trial type was highly signi®cant (F(1,9) 21.96, p , 0.002). The interaction was also signi®cant (F(1,9) 8.31, p , 0.02) because the saccadic reaction time was longer towards the right than towards the left target only when the ®xation stimulus stayed on (overlap trials).
Saccade-related potentials:
The main question of this study was whether 12-month-olds would show the presaccadic parietal spike potential. Figure 1 compares the grand-average saccade-locked ERPs at Pz to the similar potentials we obtained in 6-month-olds [7] and adults [14] . This ®gure suggests that, unlike 6-month-olds, 12-montholds did indeed produced a presaccadic spike potential peaking at 12 ms before saccade onset, although its amplitude was much lower than that observed in adults. We measured the amplitude of this peak in 12-month-olds as the average voltage at three consecutive sampling points centered around À10 ms, and compared this to the average voltage at three consecutive sampling points centered around saccade onset in a three-way ANOVA, in which one factor represented the above amplitude comparison and the other two were trial type (overlap vs gap) and saccade side (left vs right). This analysis yielded only a signi®cant main effect of the amplitude comparison (F(1,9) 22.5, p , 0.002], indicating that the average amplitude around the peak of the spike potential (3.2 ìV across conditions) was reliably more positive than the average voltage at saccade onset (0.8 ìV across conditions). A similar comparison of the same amplitude value to the average amplitude around À18 ms (2.1 ìV) yielded similar results: only the main effect of the amplitude comparison was signi®cant (F(1,9) 8.1, p , 0.02] . Figure 2 shows the scalp voltage distribution of the spike potential compared to the adult data. Note that, similarly to our results and to other studies in adults [10] , the spike potential tends to be slightly lateralized contralateral to the oncoming saccade. Note also that both in adults and in infants the centro-parietal positive spike is accompanied by a negative spike which is maximal at the saccade-ipsilateral frontal sites [12] . These features support the claim that the spike potential recorded in this study is equivalent to the adult pre-saccadic SP.
We were also interested in whether the amplitude of the spike potential is related to the saccadic reaction time. Figure 3 shows a scatter plot of the mean reaction times against the mean SP amplitude (measured as the difference between the peak amplitude and the voltage and saccade onset, see above), both collapsed across conditions. We calculated a simple linear regression between these variables, omitting the only infant who did not show a spike potential (negative SP value). Although the correlation coef®cient did not reach statistical signi®cance (r 0.497, p , 0.2), the plot suggests a negative relation between SP 
6-month-olds 12-month-olds Adults ϩ ϩ ϩ 100 ms ϩ20 µV Fig. 1 . Grand-average saccade-locked potentials at Pz in (a) 6-month-old infants (n 12), (b) 12-month-old infants (n 10) and (c) adults (n 12) (a and c are based on studies published previously [7, 14] ). The vertical bar marks the saccade onset. Fig. 2 . Scalp surface maps in polar projection of the voltage distribution at the peak of the pre-saccadic SP averaged across conditions (adult data are from an earlier study [14] ). The black spots indicate sensor locations.
and SRT: the longer the saccadic reaction time, the smaller the SP amplitude.
Three peaks were prominent in the post-saccadic lambda wave complex: a negative peak at 70 ms, a positive peak at 130 ms, and negative peak at 230 ms (see Fig. 4 ). These latencies are much shorter than the latencies of the corresponding components (108 ms, 180 ms and 280 ms) in 6-month-olds [7] and the amplitudes of these peaks are considerably smaller. However, unlike in 6-month-olds, statistical analyses on the peak latencies and amplitudes of the lambda complex did not reveal any effect of the trial type (overlap vs gap).
DISCUSSION
Previous research has failed to reveal any evidence for the pre-saccadic spike potential in infants during the ®rst year. The present study demonstrates that the SP is present in 12-month-olds, consistent with the emergence of dorsal cortical pathway control over eye movements during the latter half of the ®rst year. Due to the identical procedures used for the 6 and 12 month participants, the present results also give us more con®dence in the previous ®ndings that parietal eye movement centres are not the dominant source of control over saccades at and below 6 months of age. The ®nding that the amplitude of the postsaccadic lambda waves reduces during the second half of the year speaks against the view that the emergence of the SP during this time could be accounted for by an improved signal to noise ratio. In fact, while the general trend is for a decrease in the latency and amplitude of ERP components during infancy and childhood [15] , the SP shows a different pattern: it is not present at 6 months of age, and when it emerges at 12 months it has a similar latency and a smaller amplitude than the adult SP. While the infants in the present study showed an SP which had the same scalp pro®le and time course as that observed in adults, it also differed in one respect: we failed to ®nd amplitude differences between the gap and overlap conditions. This suggests that cortical eye-movement control develops still further after this age. Finally, the negative correlation between SP amplitude and reaction time across infants (which is not observed in adults) suggests a parallel developmental trend in reaction time decrement and SP increment, and is consistent with the fact that saccadic reaction time is longer in younger infants who do not show the SP.
CONCLUSION
The neural basis of saccadic control in humans has been studied in both adults and young infants, with the latter failing to show the spike potential so evident in adults. In this paper we have demonstrated that the SP emerges between 6 and 12 months of age, but even by 12 months it does not have the same amplitude varying characteristics as have been observed in adults.
